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(57) ABSTRACT 

An improved acoustic lens and an improved ultrasonic trans 
ducer system comprising an improved acoustic lens and 
related methods are provided. The improved acoustic lens 
may have a uniform loss along an elevation axis or may have 
a loss along the elevation axis that provides for an apodiZation 
of an acoustic signal. The improved acoustic lens may be a 
multi-component lens. In a two-component lens embodi 
ment, the inner lens component, for interfacing With a trans 
ducer, may have a concave outer surface and the outer lens 
component may have a ?at or convex outer surface. In a 

three-component lens embodiment, the inner lens compo 
nent, for interfacing With a transducer, may have a concave 
outer surface, the middle lens component may have a concave 
outer surface and the outer lens component may have a ?at or 
convex outer surface. 

907 



Patent Application Publication Jul. 3, 2008 Sheet 1 0f 12 US 2008/0156577 A1 

FIG. 1 



Patent Application Publication 

206 

Jul. 3, 2008 Sheet 2 0f 12 US 2008/0156577 A1 

209 

208 

FIG.2 
(PRIOR ART) 



Patent Application Publication Jul. 3, 2008 Sheet 3 0f 12 US 2008/0156577 A1 

300 
\ 
\ 
\ 

\ [303 

FIG. 3A 
/ PRIOR ART 206 / ( ) 

[305 
/309 A 

1/ I 
/ : 

/ i 
/ : 
/ : 306 
I = f 
l i 
\ : 
\ I 

f \ : \ I 
206 I F|G.3B ‘\ 

(PRIOR ART) \310 30g 



Patent Application Publication Jul. 3, 2008 Sheet 4 0f 12 US 2008/0156577 A1 

405 

FIG.4 



Patent Application Publication Jul. 3, 2008 Sheet 5 0f 12 US 2008/0156577 Al 



Patent Application Publication 

602’ 

Jul. 3, 2008 Sheet 6 0f 12 US 2008/0156577 A1 

600 



Patent Application Publication Jul. 3, 2008 Sheet 7 0f 12 US 2008/0156577 A1 

/ 
1/ 
/ .\ f FIG. 7A 



Patent Application Publication Jul. 3, 2008 Sheet 8 0f 12 US 2008/0156577 A1 



Patent Application Publication Jul. 3, 2008 Sheet 9 0f 12 US 2008/0156577 A1 

902 801 802 803 

M5)’ 

864 l 
805 305 807 



Patent Application Publication Jul. 3, 2008 Sheet 10 0f 12 US 2008/0156577 A1 

@ 
SHRAERRHHH 
ACOUSTIC WAVE TO BE fmm 

GENERATED BY AN ULTRASDNIC 
TRANSDUCER SYSTEM 

i 
SELECTA DESIRED OUTER 

RAILEIIHIAIRRRE I002 
ULTRASONIC TRANSDUCER f 
SYSTEM ASSIGN DEGREE OF 

CURvATURE TO AN OUTER FACE 
OF ATHIRD LENS ELEMENT 

l 
DETERMINE A DEGREE 0F 

CURvATURE AND LOSS PER UNIT 
THICKNESS OF A FIRST LENS r1003 
ELEMENT T0 PRODUCE THE 
SELECTED DEGREE OF 

APODIZATION 
l 

SELECT A DESIRED FOCAL 
LENGTH OF THE ULTRASONIC r1004 

TRANSDUCER SYSTEM 
i 

LNTTEERRF'ASE AE‘TLIJIFE’E‘N‘AFSEE‘CENPI 
LENS ELEMENTANDATHIRD LENS f 1005 
ELEMENT TO PRODUCE THE 
SELECTED FOCAL LENGTH 

@ 



Patent Application Publication Jul. 3, 2008 Sheet 11 0f 12 US 2008/0156577 A1 

@ 
GENERATE ACOUSTIC 

WAVE AT ACOUSTIC FACE 1101 

III 
APODIZE THE ACOUSTIC WAVE BY 1102 
PASSING THE ACOUSTIC WAVE f 
THROUGH A FIRST LENS ELEMENT 

FOCUS THE APODIZED ACOUSTIC 
WAVE BY PASSING THE APODIZED 
ACOUSTIC WAVE THROUGH AN 1103 
INTERFACE BETWEEN THE FIRST 
LENS ELEMENT AND A SECOND 

LENS ELEMENT 
I 

FOCUS THE APODIZED ACOUSTIC 
WAVE BY PASSING THE APODIZED 
ACOUSTIC WAVE THROUGH AN f 1104 
INTERFACE BETWEEN THE 

SECOND LENS ELEMENT AND A 
SURFACE OF A PATIENT 

@@ 

FIG.11 



Patent Application Publication Jul. 3, 2008 Sheet 12 0f 12 US 2008/0156577 A1 

@ 
GENERATE ACOUSTIC 

WAVE AT ACOUSTIC FACE r1201 
I 

APODIZE THE ACOUSTIC WAVE BY 1202 
PASSING THE ACOUSTIC WAVE f 
THROUGH A FIRST LENS ELEMENT 

I 
FOCUS THE APODIZED ACOUSTIC 

IIIII’EUBSIIIIIVSIIE IIIESIIBII'IIP 
INTERFACE BETWEEN THE FIRST r1203 
LENS ELEMENT AND A SECOND 

LENS ELEMENT 
I 

FOCUS THE APODIZED ACOUSTIC 
WAVE BY PASSING THE APODIZED 
ACOUSTIC WAVE THROUGH AN r1204 
INTERFACE BETWEEN THE 

SECOND LENS ELEMENT AND A 
THIRD LENS ELEMENT 

I 
FOCUS THE APODIZED ACOUSTIC 
WAVE BY PASSING THE APODIZED 1205 
ACOUSTIC WAVE THROUGH AN f 
INTERFACE BETWEEN THE THIRD 
LENS ELEMENT AND A SURFACE 

OF A PATIENT 

@E) 

FIG.12 



US 2008/0156577 A1 

ULTRASONIC TRANSDUCER SYSTEM 

RELATED APPLICATIONS 

[0001] This application claims priority from US. Provi 
sional Patent Application Ser. No. 60/862,757, ?led Oct. 24, 
2006, entitled “Improved Ultrasonic Transducer System,” 
and the entire disclosure of Which is incorporated by refer 
ence in its entirety herein. 

FIELD OF THE INVENTION 

[0002] The present invention relates to ultrasound imaging 
probes, and more particularly to improved ultrasonic trans 
ducer systems and related methods. 

BACKGROUND OF THE INVENTION 

[0003] Ultrasound imaging probes continue to enjoy Wide 
spread use in the medical ?eld. By Way of example, ultra 
sound probes are utiliZed for a Wide variety of external, lap 
aroscopic, endoscopic and intravascular imaging 
applications. The ultrasound images provided by imaging 
probes may, for example, be used for diagnostic purposes. 
[0004] Ultrasound imaging probes typically include a plu 
rality of parallel pieZoelectric transducer elements arranged 
along a longitudinal axis, With each element interconnected to 
a pair of electrodes. Typically, the transducers are subdivided 
in the longitudinal direction by dicing during production, 
resulting in independent transducer elements that enable elec 
tronic steering, focusing, and apodiZation Within an imaging 
plane. An electronic circuit, interconnected to the electrodes 
excites the transducer elements, causing them to emit ultra 
sonic energy. The transducer elements may be operable to 
convert received ultrasonic energy into electrical signals, 
Which may then be processed and used to generate images. 
[0005] Focusing in the elevation direction, Which is perpen 
dicular to the imaging plane, is typically achieved through 
mechanical means. Commonly, an acoustic lens is placed in 
front of the transducer elements and provides for a single 
?xed focus in the elevation direction. HoWever, this typically 
results in the creation of undesirable side lobes in the ampli 
tude distribution at the focal point of the acoustic lens. These 
side lobes may result in reduced image quality. To increase 
image quality, attempts have been made to modify the ultra 
sonic beam along the elevation axis to reduce side lobes. 
Known systems, for example, have used multiple transducer 
elements along the elevation axis, transducer element sur 
faces curved along the elevation axis, or acoustic blocking 
materials to attempt to reduce side lobes. Typically, these 
attempts have increased the cost and complexity of their 
respective ultrasonic imaging systems. 
[0006] As the applications for, and use of, ultrasound imag 
ing probes continue to expand, so does the need for ultra 
sound probe designs that yield higher imaging performance 
and/or increased production ef?ciencies. In this regard, the 
ability to realiZe enhanced performance and production e?i 
ciencies related to ultrasound imaging probes through 
improvements to components of ultrasound imaging probes 
becomes particularly signi?cant. 

SUMMARY OF THE INVENTION 

[0007] In vieW of the foregoing, an object of the present 
invention is to provide an improved ultrasound transducer 
system that is operable to yield improved acoustic Wave char 

Jul. 3, 2008 

acteristics. An additional object is to provide an improved 
ultrasound transducer system that may be produced in an 
e?icient manner. 

[0008] The above objectives and additional advantages are 
realiZed by the present invention. In one aspect, an acoustic 
lens includes a ?rst lens element and a second lens element. 
The ?rst lens element has a back surface and a front surface. 
Similarly, the second lens element has a back surface and a 
front surface. The back surface of the second lens element is 
acoustically coupled With the front surface of the ?rst lens 
element. The ratio of acoustic loss per unit thickness of the 
?rst lens element to the acoustic loss per unit thickness of the 
second lens element may be at least about 2 to l. 

[0009] The ?rst lens element may be composed of a differ 
ent material or different materials than that of the second lens 
element. The ?rst and second lens elements may be composed 
of the same materials. In embodiments Where the ?rst and 
second lens elements are composed of the same materials, the 
relative percentage by Weight of a particular material con 
tained Within the ?rst lens element may be different than the 
relative percentage by Weight of that material Within the sec 
ond lens element. The various materials or combinations of 
materials used in the ?rst and second lens elements may, for 
example, be selected to yield various performance attributes. 
[0010] In various embodiments described herein, the ?rst 
lens element may be comprised of a polymer-based material. 
In various implementations, the polymer-based material of 
the ?rst lens element may include material selected from a 
group consisting of: polyurethane, epoxy material and sili 
cone. The silicone may be in the form of silicone rubber. The 
epoxy material may be formed from epoxy resins, for 
example, through curing methods or reactive processes 
knoWn to those skilled in the art. In various embodiments 
described herein, the second lens element may be comprised 
of a polymer-based material. In various implementations, the 
polymer-based material of the second lens element may 
include material selected from a group consisting of: poly 
urethane, epoxy material and silicone. The silicone of the 
second lens element may be in the form of silicone rubber and 
the epoxy material of the second lens element may be formed 
from epoxy resins. In an embodiment, the ?rst lens element 
may be comprised of polyurethane and the second lens ele 
ment may be comprised of silicone. In one example, the ?rst 
lens element may be made of substantially 100% polyure 
thane and the second lens element may be made of substan 
tially 100% silicone rubber. Material different than the pri 
mary material of the lens to Which it is added, may be added 
to the ?rst and second lens elements to alter their acoustic 
properties (e.g., to increase or decrease loss per unit thick 
ness). For example, tungsten poWder may be added to the 
material used to make one of the lens elements prior to curing. 
The tungsten poWder may be mixed into the material and be 
distributed uniformly throughout the material so that the 
tungsten poWder is suspended in a matrix of the cured lens 
element. The ?rst lens element may include a matrix contain 
ing suspended tungsten particles, Which may serve to increase 
the loss per unit thickness of the ?rst lens element. This may 
produce a ?rst lens element With a higher acoustic loss per 
unit thickness relative to the second lens element. In one 
example, the ?rst lens element may be composed of tungsten 
poWder suspended in a matrix made of substantially 100% 
polyurethane. 
[001 1] As noted, a material different than the primary mate 
rial of the lens to Which it is added may be added to a lens 
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element to alter acoustic properties. For example, glass 
microballoons may be added to one of the lens elements to 
reduce the loss per unit thickness through that lens element. 
Glass microballoons may be added to silicone (e.g., silicone 
rubber), Which may then be used to form the second lens 
element. This may produce a second lens element With a 
loWer acoustic loss per unit thickness relative to the ?rst lens 
element. 
[0012] The material used in the ?rst lens element of various 
embodiments described herein provides for a ?rst acoustic 
propagation velocity. Likewise, the material used in the sec 
ond lens element provides for a second acoustic propagation 
velocity. In various arrangements, the acoustic propagation 
velocity of the ?rst lens element may be betWeen about 0.7 
and 2.5 mm/microsecond and the acoustic propagation veloc 
ity of the second lens element may be betWeen about 0.7 and 
2.5 mm/microsecond. 
[0013] To provide for refraction at the interface betWeen the 
?rst lens element and the second lens element, the ?rst acous 
tic propagation velocity may be different than the second 
acoustic propagation velocity. In an embodiment, the ?rst 
acoustic propagation velocity may be greater than the second 
acoustic propagation velocity. 
[0014] The ?rst lens element may be operable to apodiZe an 
acoustic signal propagating through the acoustic lens. As 
utiliZed herein, apodiZation refers to reducing the side lobes 
of an acoustic ?eld pattern by varying the amplitude of the 
acoustic ?eld in the plane of the transducer. Attenuating the 
edges of the acoustic ?eld in the aperture plane, as compared 
to the center, reduces side lobe energy. By Way of example, 
apodiZation may improve the quality of an image created 
through use of the present invention. In the present embodi 
ment, the second lens element may reverse apodiZe the acous 
tic signal propagated through the acoustic lens (e.g., losses 
through the second lens element may be greater along a 
centerline of the lens). Since the acoustic loss per unit thick 
ness through the ?rst lens element may be different than that 
of the second lens element, and the acoustic loss per unit 
thickness through both the ?rst and second lens elements may 
be controlled, the net effect on the acoustic signal propagating 
through the acoustic lens may be controlled. In an embodi 
ment, the acoustic lens may be operable to uniformly attenu 
ate an acoustic signal propagated through the acoustic lens. 
Alternatively, the acoustic lens may be operable to apodiZe an 
acoustic signal propagated through the acoustic lens. 
[0015] In various embodiments, the front surface of the ?rst 
lens element may be concave. The back surface of the second 
lens element may have a radius of curvature to match the front 
surface of the ?rst lens element so that the tWo surfaces are 
conformal (e.g., in continuous mating contact). The front 
surface of the second lens element may be ?at or convex. The 
front surface of the second lens element may be operable to 
interface With the outer surface of a patient. 

[0016] In another aspect of the present invention, an ultra 
sonic transducer system includes at least one ultrasonic trans 
ducer element and an acoustic lens acoustically coupled to an 
acoustic face of the at least one ultrasonic transducer element. 
In this regard, the present aspect includes single-element 
ultrasonic transducer systems and ultrasonic transducer sys 
tems that include a plurality of elements. In ultrasonic trans 
ducer systems that include a plurality of elements, the ultra 
sonic transducer elements may be arranged in a one 
dimensional array With the elements arranged along a 
longitudinal axis. The ultrasonic transducer elements may be 
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arranged in other con?gurations such as multiroW arrays and 
tWo-dimensional arrays. An elevation axis may be orthogonal 
to the longitudinal axis. Each acoustic face of each of the at 
least one ultrasonic transducer elements may have a ?rst end, 
a second end, and a central point along the elevation axis With 
the central point lying betWeen the ?rst and second ends. The 
acoustic lens of the current aspect may include a ?rst lens 
element and a second lens element. The acoustic lens may 
have an acoustic loss With respect to energy emanating from 
each of the ?rst end and the second end of the acoustic face 
that is at least as great as an acoustic loss With respect to 
energy emanating from a central point of the acoustic face. 
[0017] The ultrasonic transducer elements may be arranged 
along a curvature along the longitudinal axis. In an embodi 
ment of the current aspect, the individual ultrasonic trans 
ducer elements are planar. In an alternate embodiment, the 
individual ultrasonic transducer elements may be curved 
along the elevation axis, the longitudinal axis, or a combina 
tion thereof. 
[0018] In an embodiment of the current aspect, the ?rst lens 
element has a front surface and a back surface and the second 
lens element has a front surface and a back surface. The back 
surface of the ?rst lens element may be acoustically coupled 
to the acoustic face and the back surface of the second lens 
element may be acoustically coupled to the front surface of 
the ?rst lens element. 
[0019] In various embodiments, the front surface of the ?rst 
lens element may be concave in that the thickness of the ?rst 
lens element may increase With distance along the elevation 
axis from the central point. The front surface of the second 
lens element may be ?at or convex. 

[0020] In another aspect of the present invention, a trans 
ducer system includes at least one ultrasonic transducer ele 
ment and an acoustic lens. The acoustic lens includes a ?rst 
lens element With a back surface and a front surface and a 
second lens element With a back surface and a front surface. 
The at least one ultrasonic transducer element includes an 
acoustic face having an elevation axis. In the current aspect, 
the back surface of the ?rst lens element may be acoustically 
coupled to the acoustic face and the front surface of the ?rst 
lens element may be concave along the elevation axis. The 
back surface of the second lens element may be acoustically 
coupled to the front surface of the ?rst lens element. In the 
present aspect, the maximum Width of the ?rst lens element 
along the elevation axis may be at least equal to the maximum 
Width of the second lens element along the elevation axis. The 
acoustic lens may have a ?rst end and a second end along the 
elevation axis. A maximum acoustic loss through the acoustic 
lens may substantially occur at at least one of the ?rst end and 
the second end. 
[0021] In another aspect of the present invention, an ultra 
sonic transducer system includes at least one ultrasonic trans 
ducer element having an acoustic face and an acoustic lens 
that includes a ?rst lens element, a second lens element, and 
a third lens element. Each of the lens elements has a back 
surface and a front surface. The back surface of the ?rst lens 
element may be acoustically coupled to the at least one ultra 
sonic transducer element. The front surface of the ?rst lens 
element may be acoustically coupled to the back surface of 
the second lens element and the front surface of the second 
lens element may be acoustically coupled to the back surface 
of the third lens element. 
[0022] Any one of the three lens elements may be com 
posed of a different material or different materials than that of 
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at least one of the other lens elements.Any tWo, or all three, of 
the three lens elements may be composed of the same mate 
rials. In embodiments Where a pair or all three of the lens 
elements are composed of the same materials, the relative 
percentage by Weight of a particular material contained 
Within one of the lens elements may be different than the 
relative percentage by Weight of that material Within another 
of the lens elements composed of the same materials. 

[0023] The ?rst lens element may be comprised of a poly 
mer-based material. The polymer-based material of the ?rst 
lens element may include material selected from a group 
consisting of: polyurethane, epoxy material and silicone (e.g., 
silicone rubber). The second lens element may be comprised 
of a polymer-based material. The polymer-based material of 
the second lens element may include material selected from a 
group consisting of: polyurethane, epoxy material and sili 
cone (e.g., silicone rubber). The third lens element may be 
comprised of a polymer-based material. The polymer-based 
material of the third lens element may include material 
selected from a group consisting of: polyurethane, epoxy 
material and silicone (e.g., silicone rubber). In an embodi 
ment, the ?rst lens element may be comprised of polyure 
thane, the second lens element may be comprised of polyure 
thane With different physical properties (e.g., density and 
acoustic propagation velocity) than the material of the ?rst 
lens element, and the third lens element may be comprised of 
silicone rubber. Material (such as tungsten poWder or glass 
microballoons previously described) may also be added to the 
?rst lens element, second lens element, third lens element, or 
combination thereof to alter their respective acoustic proper 
ties. In this regard acoustic properties such as acoustic loss per 
unit thickness of material of each of the lens elements may be 
controlled. A ratio of acoustic loss per unit thickness of the 
?rst lens element to acoustic loss per unit thickness of the 
second lens element may be at least about 3 to l. A ratio of 
acoustic loss per unit thickness of the ?rst lens element to 
acoustic loss per unit thickness of the third lens element may 
be at least about 3 to 1. In one example, the ?rst lens element 
may be made of tungsten poWder suspended in a matrix of 
substantially 100% polyurethane, the second lens element 
may be made of substantially 100% polyurethane, and the 
third lens element may be made of substantially 100% sili 
cone rubber. 

[0024] The material used in the ?rst lens element provides 
for a ?rst acoustic propagation velocity. LikeWise, the mate 
rial used in the second lens element provides for a second 
acoustic propagation velocity and the material used in the 
third lens element provides for a third acoustic propagation 
velocity. To provide for refraction at the interface betWeen the 
various lens elements, the second acoustic propagation veloc 
ity may be different than either the ?rst or third acoustic 
propagation velocity. The second acoustic propagation veloc 
ity may be greater than both the ?rst acoustic propagation 
velocity and the second acoustic propagation velocity. The 
third propagation velocity may be loWer than that of human 
tissue, Which, for example, may alloW an optional curvature 
of the front surface of the third lens element in contact With a 
patient to provide a predeterminable level of refraction. 
[0025] In an embodiment of the current aspect, the ?rst lens 
element may be operable to apodiZe an acoustic signal propa 
gating through the acoustic lens. Similarly, the combination 
of the ?rst lens element and the second lens element may be 
operable to apodiZe an acoustic signal propagating through 
the acoustic lens. Moreover, the acoustic lens may be oper 
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able to uniformly attenuate an acoustic signal propagated 
through the acoustic lens or the acoustic lens may be operable 
to apodiZe an acoustic signal propagated through the acoustic 
lens. 

[0026] In various embodiments of the current aspect, the 
front surface of the ?rst lens element may be concave. The 
back surface of the second lens element may have a radius of 
curvature to match the front surface of the ?rst lens element so 
that the tWo surfaces are conformal (e. g., in continuous mat 
ing contact) and acoustically coupled. The front surface of the 
second lens element may be concave. The back surface of the 
third lens element may have a radius of curvature to match the 
front surface of the second lens element so that the tWo 
surfaces are in continuous mating contact and acoustically 
coupled. The front surface of the third lens element may be 
?at or convex. The front surface of the third lens element may 
be operable to interface With the outer surface of a patient. 
Each interface betWeen lens elements, along With the front 
surface of the third lens element, may be operable to refract 
acoustic energy propagating through the lens. The net effect 
may be to focus the acoustic energy at a predetermined point. 

[0027] In still another aspect of the present invention, a 
method of modifying an acoustic Wave is provided. The 
method includes apodiZing an acoustic Wave by passing the 
acoustic Wave through a ?rst lens element acoustically 
coupled to a source of the acoustic Wave and focusing the 
acoustic Wave by passing it through an interface betWeen the 
?rst lens element and a second lens element. The ratio of 
acoustic loss per unit thickness of the ?rst lens element to that 
of the second lens element may be at least about 2 to l. The 
acoustic Wave may be further focused by passing it through an 
interface betWeen the second lens element and a surface of a 
patient. 
[0028] In yet another aspect of the present invention, a 
method of modifying an acoustic Wave is provided. The 
method includes apodiZing an acoustic Wave by passing it 
through an acoustic lens acoustically coupled to an acoustic 
Wave source and focusing the Wave. The focusing may occur 
in at least tWo separate stages. In the ?rst stage, the acoustic 
Wave is refracted to a ?rst focal length by passing the acoustic 
Wave through a ?rst interface betWeen a ?rst lens element and 
a second lens element of the acoustic lens. In the second stage, 
the acoustic Wave is refracted to a second focal length by 
passing the acoustic Wave through a second interface betWeen 
the second lens element of the acoustic lens and a third lens 
element of the acoustic lens. The acoustic Wave may be fur 
ther focused by passing it through an interface betWeen the 
third lens element and a surface of a patient. 

[0029] In still another aspect of the present invention, a 
method of designing an acoustic lens for use in an ultrasonic 
transducer system is provided. The method includes selecting 
a desired degree of apodiZation, selecting a desired outer 
curvature of the system, determining a degree of curvature 
and loss per unit thickness of a ?rst lens element to produce 
the selected degree of apodiZation, selecting a desired focal 
length for the system, and determining a radius of curvature of 
an interface betWeen a second lens element and a third lens 
element to achieve the desired focal length. The acoustic lens 
designed With this method may include a three-element lens 
Where the ?rst lens element is acoustically coupled to an 
acoustic face of a transducer, the second lens element is 
acoustically coupled to the ?rst lens element, and the third 
lens element is acoustically coupled to the second lens ele 
ment. The outer curvature of the third lens element may be 
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operable to interface with a surface of a patient. The interface 
between the ?rst lens element and the second lens element 
may be convex with respect to the ?rst lens element. 
[0030] In a further aspect of the present invention, an ultra 
sonic transducer system includes at least one ultrasonic trans 
ducer element and an acoustic lens. The at least one ultrasonic 
transducer element may include a substantially planar acous 
tic face with an elevation axis. The acoustic lens may include 
a back surface acoustically coupled to the acoustic face and a 
front surface. The front surface may be concave along the 
elevation axis. An aperture plane may be adjacent to the front 
surface of the acoustic lens. The ultrasonic transducer system 
may be operable to generate an acoustic wave having an 
amplitude distribution such that the amplitude at the center of 
the aperture plane along the elevation axis is equal to or 
greater than the amplitude at an edge of the aperture plane 
along the elevation axis. 
[0031] In yet another aspect of the present invention, an 
ultrasonic transducer system includes an acoustic lens 
wherein the acoustic loss through the acoustic lens may 
change as a function of elevation or azimuth. In this regard, 
the acoustic lens may apodiZe acoustic signals generated at 
the acoustic face. 
[0032] In another aspect of the present invention, an ultra 
sonic transducer system includes at least one ultrasonic trans 
ducer element having an acoustic face and an acoustic lens 
having a back surface acoustically coupled to the acoustic 
face. A front surface of the acoustic lens may be concave 
along an elevation axis. The ultrasonic transducer system may 
be operable to generate an acoustic wave having an amplitude 
distribution that does not vary by more than 10 percent across 
an aperture plane along the elevation axis. 
[0033] In still another aspect of the present invention, a 
method of improving contrast resolution of an ultrasound 
imaging system in a region between about 70% and about 
130% of the focal length of an elevation axis is provided. This 
method includes apodiZing an acoustic wave by passing it 
through a ?rst lens element acoustically coupled to a source of 
the acoustic wave, and focusing the acoustic wave by passing 
through an interface between the ?rst lens element and a 
second lens element. The method may further include further 
focusing the acoustic wave by passing the acoustic wave 
through an interface between the second lens element and a 
surface of a patient. Alternatively, the method may further 
include further focusing the acoustic wave by passing the 
acoustic wave through an interface between the second lens 
element and a third lens element and then passing the acoustic 
wave through an interface between the third lens element and 
a surface of a patient. 

[0034] In another aspect of the present invention, an ultra 
sonic transducer system includes at least one ultrasonic trans 
ducer element having an acoustic face and an acoustic lens 
having a back surface acoustically coupled to the acoustic 
face. The acoustic lens may have an edge-to-center apodiZa 
tion ratio at an aperture plane along an elevation axis of at 
least 3 dB. 
[0035] Additional aspects and corresponding advantages of 
the present invention will be apparent to those skilled in the 
art upon consideration of the further description that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 illustrates an isometric view of an embodi 
ment of an ultrasound probe assembly. 
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[0037] FIG. 2 schematically illustrates a cross sectional 
view of a prior art ultrasonic transducer system. 
[0038] FIG. 3A graphically illustrates loss through an aper 
ture plane for the prior art ultrasonic transducer system of 
FIG. 2 as a function of position along an elevation axis. 
[0039] FIG. 3B graphically illustrates an amplitude pro?le 
at the aperture plane of the prior art ultrasonic transducer 
system of FIG. 2 as a function of position along the elevation 
axis. 

[0040] FIG. 4 graphically illustrates three different ampli 
tude pro?les at a focal plane. 
[0041] FIG. 5 illustrates an isometric view of an ultrasonic 
transducer system with two lens elements. 
[0042] FIG. 6 schematically illustrates a cross sectional 
view of the ultrasonic transducer system of FIG. 5. 
[0043] FIG. 7A graphically illustrates loss through an aper 
ture plane for the ultrasonic transducer system of FIG. 5 as a 
function of position along an elevation axis. 
[0044] FIG. 7B graphically illustrates an amplitude pro?le 
at the aperture plane for the ultrasonic transducer system of 
FIG. 5 as a function of position along the elevation axis. 
[0045] FIG. 8 illustrates an isometric view of an ultrasonic 
transducer system including three lens elements. 
[0046] FIG. 9 schematically illustrates a cross sectional 
view of the ultrasonic transducer system of FIG. 8. 
[0047] FIG. 10 is a ?owchart illustrating an embodiment of 
a method of designing an acoustic lens for an ultrasonic 
transducer system. 
[0048] FIG. 11 is a ?owchart illustrating an embodiment of 
a method of modifying an acoustic wave. 

[0049] FIG. 12 is a ?owchart illustrating an embodiment of 
a method of modifying an acoustic wave. 

DETAILED DESCRIPTION OF THE INVENTION 

[0050] FIG. 1 illustrates a perspective view of an ultrasound 
transducer probe assembly 100. 
[0051] The probe assembly 100 includes a housing 101 and 
a cable 102. The cable 102 is interconnected to an ultrasound 
imaging apparatus (not shown). Generally, the probe assem 
bly 100 includes a plurality of ultrasonic transducers con 
tained within the housing 101 and operable to transmit ultra 
sonic energy through a probe assembly face 103 along one 
end of the probe assembly 101. The ultrasonic energy, in the 
form of acoustic waves, may be directed through the outer 
surface of a patient and into the internal structure of the 
patient. The acoustic waves may interact with and re?ect off 
of various internal features. These re?ections may then be 
detected by the probe assembly 100 and displayed as images 
of the internal structure of the patient by the ultrasound imag 
ing apparatus. 
[0052] Various parameters of the probe assembly 100 may 
differ from that shown in the probe assembly 100 of FIG. 1. 
As shown in FIG. 1, the probe assembly face 103 is substan 
tially straight along a longitudinal axis 105. Alternatively, the 
probe assembly face 103 may be convexly curved along the 
longitudinal axis 105.As shown in FIG. 1, the probe assembly 
face 103 is curved slightly along an elevation axis 106. Alter 
natively, the probe assembly face 103 may be ?at. The degree 
of curvature, discussed in detail below, of the probe assembly 
face 103 about and along the elevation axis 106 may be 
determined based on several factors including, for example, 
patient comfort and focusing requirements. Other variations 
of probe assembly 100 known to those skilled in the art may 
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also be present. The present invention as described herein is 
intended to be operable With all such design variations. 
[0053] In general, the images generated are of an area 
Within an image plane 104, Which extends outwardly from the 
probe assembly 100 along an axial or range axis 107. The 
image plane 104 is a tWo-dimensional plane Within the plane 
de?ned by the axial axis 107 and longitudinal axis 105. The 
longitudinal axis 105 is also knoWn to those skilled in the art 
as the lateral or azimuth axis. Commonly, imaging param 
eters Within the image plane 104, for example focal length 
and depth of ?eld, may be controlled through electronic 
means knoWn to those skilled in the art. HoWever, control of 
imaging parameters along the elevation axis 106, Which is 
perpendicular to the image plane 104, is generally not accom 
plished electronically. 
[0054] FIG. 2 is a schematic representation of an exemplary 
prior art ultrasonic transducer system 200 that includes a 
transducer 201 and an acoustic lens 202. FIG. 2 illustrates a 
slice, or cross sectional vieW, through a prior art probe assem 
bly along an elevation axis 206 normal to a longitudinal axis. 
The transducer 201 is typically constructed of a layer of 
pieZoelectric material. The transducer 201 may also include 
one or more matching layers. The pieZoelectric and matching 
layers are represented schematically in FIG. 2 by the trans 
ducer 201. 
[0055] As shoWn in FIG. 2, the acoustic lens 202 is gener 
ally constructed of a single lens element bonded to the trans 
ducer 201. The acoustic lens 202 is bonded to the acoustic 
face 208 of the transducer 201. The acoustic lens 202 of FIG. 
2 is operable to focus acoustic Waves generated at, and mov 
ing perpendicular to, the acoustic face 208 in the elevation 
axis 206. This focusing function is illustrated by a ray trace 
203. An acoustic Wave generated by the transducer 201 at the 
acoustic face 208 may travel in a path perpendicular to the 
acoustic face 208, through the acoustic lens, as illustrated by 
a ?rst portion 209 of the ray trace 203. At the convex surface 
of the acoustic lens 202, the acoustic Wave may be refracted as 
it passes from the acoustic lens 202 into the medium 210 
immediately adjacent to the acoustic lens 202. The curvature 
of the acoustic lens 202 and the relative sound propagation 
velocities of the acoustic lens 202 and medium 210 determine 
the position of the focal point 204 of the acoustic lens 202. 
[0056] The medium 210 is generally the body of a patient 
Whose internal structure is being imaged. The sound propa 
gation velocity through the human body is typically about that 
of Water, Which is about 1,500 meters per second (m/ s). In the 
ultrasonic transducer system 200 of FIG. 2, for the acoustic 
lens 202 to focus the acoustic Waves emanating from the 
acoustic face 208 as illustrated, the sound propagation veloc 
ity through the acoustic lens 202 must be loWer than that of the 
medium 210. The ultrasonic transducer system 200 also 
includes an aperture plane 205. Aperture planes of transducer 
systems described herein are de?ned as planes parallel to an 
acoustic face and offset from the acoustic face by a distance 
equal to the maximum thickness of an acoustic lens or lens 
element attached to the acoustic face. Therefore in FIG. 2, the 
aperture plane 205 is illustrated as being parallel to the acous 
tic face 208 and offset from the acoustic face 208 by the 
maximum thickness of the acoustic lens 202, Which for a 
convex lens, is located at the center of the transducer 201 
along the elevation axis 206. 
[0057] FIG. 3A is an illustration of one aspect of the per 
formance of the prior art lens illustrated in FIG. 2. FIG. 3A is 
a graph 300 of the distribution of loss through the acoustic 
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lens 202 of FIG. 2 as a function of position along the elevation 
axis 206. A positive value along the axis 303 represents loss 
through the acoustic lens 202. In a single-element acoustic 
lens constructed of a uniform material, acoustic loss Will be a 
function of the amount of material that the acoustic Wave must 
pass through. Therefore, as illustrated in FIG. 3A, the shape 
of the curve representing acoustic loss 304 as a function of 
elevation is similar to the shape of the acoustic lens 202. The 
maximum loss occurs along the axis 303, Which corresponds 
to the point along the elevation axis 206 Where the acoustic 
lens 202 is at its maximum thickness. The minimum loss 
occurs at the periphery of the acoustic lens 202, Where the 
material thickness is at a minimum. 

[0058] FIG. 3B is an illustration of the effects of the distri 
bution of loss shoWn in FIG. 3A. 

[0059] FIG. 3B is a graph 305 of the distribution of the 
amplitudes of an acoustic Wave generated by the transducer 
201 of FIG. 2. Again, the vertical axis is the elevation axis 
206. The axis 306 represents the amplitude of the acoustic 
Wave as a function of position along the elevation axis 206. 
Acoustic face amplitude distribution 307 represents the dis 
tribution of the amplitude as generated at the acoustic face 
208.As shoWn, the acoustic face amplitude distribution 307 is 
generally uniform across the acoustic face 208. Amplitude 
distribution 308 represents the distribution of the amplitude in 
the aperture plane 205. As Will be appreciated, the shape of 
the amplitude distribution 308 is concave With a minimum 
value along the axis 306, Which corresponds to the point along 
the elevation axis 206 Where the acoustic lens 202 is at its 
maximum thickness. In other Words, the portion of the acous 
tic Wave generated at the acoustic face 208 that must pass 
through the maximum amount of material of the acoustic lens 
202 experiences a relative maximum of acoustic loss result 
ing in a loWer amplitude along the axis 306 of the graph 305. 
The portions of the acoustic Wave along the upper and loWer 
edges of the acoustic face 208 must pass through less mate 
rial, and therefore experience less loss. This is shoWn in FIG. 
3B by the relatively larger amplitudes along the amplitude 
distribution 308 at the extremes 309, 310 of the elevation axis 
206. 

[0060] The amplitude distribution 308 at the aperture plane 
205 (shoWn in FIG. 2) may have negative effects on the 
focusing performance of the ultrasonic transducer system 200 
ofFIG. 2 along the elevation axis 206 at a focal plane 211. A 
focal plane is a plane parallel to an aperture plane that inter 
sects the focal point of a lens. FIG. 4 is an illustration that 
includes a typical amplitude distribution 401 that may occur 
at the focal plane 211 of the ultrasonic transducer system 200 
of FIG. 2. Generally, an amplitude distribution 308 Where 
amplitude maxima are located at the extremes 309, 310 of the 
elevation axis 206 may result in amplitude distribution 401 at 
the focal plane 211 that includes signi?cant (in comparison to 
the main portion 402 of the amplitude distribution 401) pri 
mary side lobes 403, 404. Such side lobes 403, 404 are gen 
erally undesirable since, for example, their presence may 
contribute to artifacts in the ?nal ultrasonic image due to 
re?ections from objects outside of the image plane. Also, in 
general, it is desirable to have a narroW amplitude distribution 
along the elevation axis 405 to improve image sharpness. 
[0061] To reduce the siZe of the primary side lobes 403, 404 
relative to the main portion 402 of the amplitude distribution 
401, it may be desirable to apodiZe the acoustic Wave gener 
ated by an ultrasonic transducer. For example, apodiZation of 
the Waveform produced by the ultrasonic transducer system 
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200 of FIG. 2 may result in a reduction of the primary side 
lobes 403, 404 of the aforementioned amplitude distribution 
401. ApodiZation of the amplitude distribution may result in 
smaller primary side lobes 406, 407, illustrated along ampli 
tude distribution 408. Amplitude distribution 408, relative to 
amplitude distribution 401, may produce feWer ?nal image 
artifacts and better focusing. These improvements in Wave 
form may result in improved contrast resolution of an ultra 
sound imaging system. This improved contrast resolution of 
the ultrasound imaging system may be most bene?cial in a 
region betWeen about 70% and about 130% of the focal length 
of the elevation axis. 

[0062] Turning to FIG. 5, an embodiment of the present 
invention Will noW be described. FIG. 5 is a cross-sectional 
schematic vieW of an ultrasonic transducer system 500 that 
includes an acoustic lens 501 that is comprised of a ?rst lens 
element 502 and a second lens element 503. A section along 
lines 523, 524 has been cutaWay in FIG. 5 to reveal internal 
details of the ultrasonic transducer system 500. The ultra 
sound transducer system 500 has a longitudinal axis 505 and 
an elevation axis 504, Which, for example, are similar to the 
longitudinal axis 105 and elevation axis 106, respectively, of 
the probe assembly of FIG. 1. The front surface 517 of the 
second lens element 503 may be the outer surface of an 
ultrasound probe assembly, such as, for example, the probe 
assembly face 103 as shoWn in FIG. 1. 

[0063] Generally, as is knoWn to those skilled in the art, a 
transducer 515 (comprising of a pieZoelectric layer 506 and 
any optional matching layer attached thereto described 
beloW) may be divided into discrete sections (for example, 
sections 50911 through 509k) along the longitudinal axis 505. 
Each of these discrete sections is a transducer element (e.g., 
transducer element 509a). A backing 513 may also be 
present. Although a plurality of transducer elements are illus 
trated in FIG. 5, the ultrasonic transducer system 500, in an 
alternate embodiment, may contain a single transducer ele 
ment. Although FIG. 5 shoWs the ultrasonic transducer sys 
tem 500 as being straight along the longitudinal axis 505, in 
an alternative embodiment, the ultrasonic transducer system 
500 may be curved along the longitudinal axis 505. This 
curvature may, for example, be achieved by placing indi 
vidual planar transducer elements at angles to each other 
along the longitudinal axis 505. 
[0064] The transducer 515 may include a pieZoelectric 
layer 506. The pieZoelectric layer 506 may include a layer of 
pieZoelectric material 520, a ?rst electrode layer 521 and a 
second electrode layer 522. The layer of pieZoelectric mate 
rial 520 may be comprised of a ceramic-based material (e.g., 
lead Zirconate titanite (PZT)). The ?rst electrode layer 521 
may be comprised of one or more layers of conductive mate 
rial. Similarly, the second electrode layer 522 may be com 
prised of one or more layers of conductive material. The 
portion of the ?rst electrode layer 521 connected to each 
individual transducer element, such as element 509a, may 
serve as the signal electrode for that individual transducer 
element. Similarly, the portion of the second electrode layer 
522 connected to each individual transducer element, such as 
element 509a, may serve as the ground electrode for that 
individual transducer element. 
[0065] Generally, the signal electrodes and ground elec 
trodes are arranged as illustrated in FIG. 5 With the ground 
electrode on the side of the pieZoelectric material 520 that 
faces the region to be imaged. HoWever, the position of the 
signal and ground electrodes may be reversed. In such 
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embodiments, it may be necessary to provide an additional 
grounding layer to shield the signal layer. Such an additional 
grounding layer may, for example, be positioned Within a lens 
attached to the transducer. A variety of methods knoWn to 
those skilled in the art may be utiliZed to electrically inter 
connect With the ground and signal electrodes. The ground 
electrodes may be individual electrodes as illustrated in FIG. 
5 or may be one continuous layer of grounding material 
situated over each of the individual transducer elements. The 
individual transducer element electrodes may be intercon 
nected to electronic circuitry, Which may provide for acoustic 
Wave generation and sensing. 
[0066] Optional acoustic matching layers may be intercon 
nected to the pieZoelectric layer 506. The ultrasound trans 
ducer system 500 of FIG. 5 shoWs a ?rst optional matching 
layer 507 and a second optional matching layer 508 intercon 
nected to the pieZoelectric layer 506. The presence and num 
ber of optional matching layers may vary from the con?gu 
ration illustrated in FIG. 5. The transducer 515 comprises the 
pieZoelectric layer 506, along With any optional matching 
layers attached thereto. 
[0067] The pieZoelectric layer 506 may be a mechanically 
active layer operable to convert electrical energy to mechani 
cal energy and mechanical energy into electrical energy. As 
previously described, the pieZoelectric layer 506 may be 
comprised of a layer of PZT material sandWiched betWeen 
ground and signal electrodes. HoWever, a variety of compo 
nents and materials able to generate acoustic signals may be 
substituted for at least a portion of the piezoelectric layer 506. 
Such components and materials include ceramic materials, 
ferroelectric materials, composite materials, capacitor micro 
machined ultrasound transducers (CMUTs), pieZoelectric 
micromachined ultrasound transducers (PMUTs), and any 
combination thereof. Regardless of the speci?c components, 
electromechanical principle of operation or materials, the 
mechanically active layer may comprise a means of convert 
ing electrical energy to mechanical energy and mechanical 
energy into electrical energy, Which has an acoustic face 514 
(described beloW With respect to pieZoelectrics), and a plu 
rality of transducer elements that may be controlled individu 
ally. Generally, any system knoWn to those skilled in the art 
for generating ultrasonic acoustic signals that may be used for 
imaging purposes may be utiliZed in the mechanically active 
layer. 
[0068] Returning to the embodiment illustrated in FIG. 5, 
the pieZoelectric layer 506 is illustrated as arranged in a 
one-dimensional array With the transducer elements arranged 
along the longitudinal axis 505. In alternate embodiments, the 
transducer elements may be arranged in other con?gurations 
such as multiroW arrays and tWo-dimensional arrays. Multi 
roW arrays divide the transducer into multiple transducers, 
electronically controlled, along the elevation axis. Such con 
?gurations may have some electronic control in elevation. 
Nonetheless, the bene?ts of the acoustic lenses and systems 
described herein may also be realiZed in systems comprising 
multiroW arrays. A tWo-dimensional array is divided into 
small enough elements in both directions (longitude and 
elevation) in the aperture plane that the array may be steered 
in any direction. While all the elements may be electrically 
controlled and may be apodiZed electronically in both direc 
tions, a lens With a convex outer surface may still be used to 
provide an ergonomic interface With tissue. Such a con?gu 
ration may bene?t from a lens that may have similar apodiZa 
tion properties to those of the lenses described herein. 
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[0069] Returning again to the embodiment illustrated in 
FIG. 5, the back surface of a ?rst lens element 502 of the 
ultrasonic transducer system 500 may be acoustically 
coupled to the acoustic face 514 of the transducer 515. In 
general, the acoustic face 514 is the front surface of the 
transducer 515. In embodiments Where the transducer 515 
includes optional matching layers, as in the embodiment 
illustrated in FIG. 5, the acoustic face is the outermost face of 
the outermost optional acoustic matching layer (e. g., surface 
514 in FIG. 5). In embodiments Where the transducer 515 
does not include optional matching layers, the acoustic face 
may be the front surface 519 of the pieZoelectric layer 506. 
Since pieZoelectric layer 506 may include an electrode along 
its front surface 519, the ?rst lens element 502 may be in 
contact With the second electrode layer 522. 

[0070] The acoustic lens 501 may be interconnected to the 
transducer 515 in any suitable method. One such method is to 
cast the ?rst lens element 502 directly onto the transducer 
515. This process may be accomplished one unit at a time 
using individual molds. Alternatively, several ?rst lens ele 
ments 502 may be cast simultaneously onto several transduc 
ers 515 in a mass casting process. The lenses may be created 
in individual cavities or in a continuous cavity. 

[0071] If produced in a continuous cavity, the continuous 
?rst lens element may then be separated into individual ?rst 
lens elements 502. A second lens element 503 may then be 
cast onto the ?rst lens element 502 in a similar fashion to 
produce the acoustic lens illustrated in FIG. 5. 

[0072] In an alternate production method, the ?rst lens 
element 502 may be cast as a separate piece, either individu 
ally or in a mass molding operation. The second lens element 
503 may then be cast onto the ?rst lens element 502 to pro 
duce the acoustic lens 501. The order of Which lens element is 
cast ?rst may be reversed. The acoustic lens 501 may then be 
attached to the transducer 515. This attachment may use a 
bonding agent such as glue to secure the acoustic lens 501 to 
the acoustic face 514 of the transducer 515. It may be prefer 
able to use a thin layer of bonding agent With a loW viscosity. 
It may be preferable that the layer of bonding material not be 
acoustically signi?cant. It may be preferable that no air gap or 
air bubbles exist betWeen either the acoustic lens 501 and the 
transducer 515 or betWeen the ?rst lens element 502 and the 
second lens element 503. The acoustic lens 501 may be oper 
able to be used to replace existing lenses on transducer sys 
tems already in operation (e.g., in a retro?t application). In 
such an application, the acoustic lens 501 may be provided as 
a separate apparatus that may be attached to an existing trans 
ducer. Such an acoustic lens 501 may include a layer of 
bonding agent to facilitate attachment to a transducer. 

[0073] Returning to FIG. 5, each individual transducer ele 
ment may be separated from neighboring elements by kerfs 
(e.g., kerf 510 betWeen transducer elements 509f and 509g) 
produced during the dicing of the transducer 515. In embodi 
ments Where the ?rst lens element 502 is cast directly onto the 
transducer 515, the kerf may be ?lled With the material of the 
?rst lens element 502 during casting. Alternatively, the kerfs 
may be ?lled in a separate step prior to attachment of the ?rst 
lens element 502 to the transducer 515. 

[0074] The back surface of the second lens element 503 
may be acoustically coupled to the ?rst lens element 502 
along a ?rst lens element front surface 516. The second lens 
element 503 includes the second lens element front surface 
517. 
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[0075] A region 518, Which may include edge portions of 
the ?rst lens element 502 and the second lens element 503, 
outside of the plane of the acoustic face 514 may be present. 
As illustrated, the lens elements 502, 503 may be of a uniform 
thickness in the region 518. The inclusion of the region 518, 
particularly in the second lens element 503, avoids having 
vertical (relative to the acoustic face 514) surfaces and/or 
sharp comers above the plane de?ned by the acoustic face 
514, Which may produce image artifacts or image degrada 
tion. 
[0076] The performance of the ultrasound transducer sys 
tem 500 Will noW be discussed With reference to FIG. 6. FIG. 
6 illustrates a slice, or cross sectional vieW, through ultra 
sound transducer system 500 of FIG. 5 along the elevation 
axis 504 normal to a longitudinal axis 505. 

[0077] In FIG. 6, the pieZoelectric layer 506 and any 
optional matching layers are represented by the transducer 
600. The transducer 600 may be operable to produce a uni 
form acoustic Wave emanating from the acoustic face 514.An 
acoustic Wave emanating from the acoustic face 514 may pass 
through the ?rst lens element 502, the second lens element 
503, and into a medium 601 external to the second lens 
element 503. Typically the medium 601 Will be the area of a 
patient to be imaged. 
[0078] The focusing of the acoustic Wave produced by the 
transducer 600 may occur in tWo stages. The ?rst stage may 
occur at the interface betWeen the ?rst lens element 502 and 
second lens element 503. The acoustic Wave generated at the 
acoustic face 514 may propagate through the ?rst lens ele 
ment 502 perpendicular to the acoustic face 514 as illustrated 
by the section 602 of ray trace 603 that is Within the ?rst lens 
element 502. Upon pas sing through the interface betWeen the 
?rst lens element 502 and the second lens element 503, the 
acoustic Wave may be refracted at each lens surface to a ?rst 
focal length as represented by the change in direction of the 
section 604 of the ray trace 603 relative to the section 602 
Within the ?rst lens element 502. 

[0079] This refraction to a ?rst focal length may occur if the 
sound propagation velocity through the ?rst lens element 502 
is faster than the sound propagation velocity through the 
second lens element 503. In an embodiment, the front surface 
516 of the ?rst lens element 502 has a radius of curvature 
betWeen about 2 mm and 200 mm. In another embodiment, 
the front surface 516 has a radius of curvature of about 100 
mm 

[0080] Further refraction of the acoustic Wave may occur as 
the acoustic Wave passes through the second lens element 
front surface 517. In the ultrasonic transducer system 500, for 
the acoustic Wave to be further refracted toWard the focal 
point as it passes through the second lens element front sur 
face 517 as illustrated, the sound propagation velocity 
through the second lens element 503 must be loWer than that 
of the medium 601. Since the medium 601 is typically the 
human body, the sound propagation velocity through the sec 
ond lens element 503 may be loWer than about 1,500 m/ s to 
provide desired refraction at the second lens element front 
surface 517. Although a Wide range of focal lengths of the 
ultrasonic transducer system 500 may be achieved, medical 
ultrasonic transducers typically have a focal length of 
betWeen about 10 mm and 150 mm. The ultrasonic transducer 
system 500 also includes an aperture plane 605, a focal point 
606, and a focal plane 607. In an embodiment, the front 
surface 517 may be ?at. In another embodiment, the front 
surface 517 of the second lens element 503 has a radius of 
















